Abstract-Thermal stability and protection in the event of quench are key issues in the design of superconducting magnets. Quench development and propagation strongly depend on the conductor characteristics and the magnet configuration. An adequate quench protection method must maintain both the peak temperature and the peak voltage during the event within acceptable limits. This paper presents quench modeling and evaluation of candidate protection schemes for a superconducting coil based on a magnesium diboride (MgB 2 ) wire, designed for use in a new cryogen-free magnetic resonance imaging scanner. The wire properties are different, and the current density is significantly higher from those previously reported. In contrast to previous studies, it is concluded that the coil cannot be considered self-protecting and that protection using external resistance provides a practically acceptable solution.
I. INTRODUCTION
T HE INTEREST in using high temperature superconductors (HTS) for the construction of magnets for applications such as magnetic resonance imaging (MRI) and magnetic resonance spectroscopy has considerably increased in the recent years. In particular, magnesium diboride (MgB 2 ) appears to be one of the most promising materials for the construction of practical magnets in the near to medium terms [1] , and some such systems have become commercially available [2] . The critical temperature T c of MgB 2 is 39 K, whereas the practical operating temperature in the presence of the required field and current may be between 10 and 25 K, depending on the specific requirements and detailed design. This is considerably lower than, for example, yttrium barium copper oxide (YBCO) with T c of 93 K, but it does offer important practical advantages in comparison with NbTi, which is the material used in the vast majority of superconducting magnets today and operating at 4.2 K or lower.
In applications such as MRI, the provision of a cryogen-free magnet is highly desirable, as the pressure vessel certification of the cryostat and the need to provide helium venting in case of quench significantly contribute to the cost of the installation. In the case of MgB 2 , the operating temperatures are sufficiently high to allow the direct cooling of the magnet coils by a conventional cryocooler, with a sufficient quench margin to provide reliable operation in practice. This has been shown to be difficult to achieve using NbTi, which inevitably operates with a very small margin, whereas each quench event can be costly due to the consequent machine downtime often of the order of weeks. The MgB 2 wire with suitable characteristics is already in commercial production. Made using the powder-in-tube process, it can be manufactured in sufficient lengths for magnet construction (several kilometers) and at a sufficiently low cost. These criteria have been hard to meet by other HTS materials.
The occurrence of quench, i.e., the transition of the material from superconducting to normal state due to a mechanical or thermal disturbance, can represent a serious issue during magnet operation. It is known that the normal zone propagation in HTS is slower than that in low-temperature superconductors (LTS) [3] , with the result that the energy stored in the magnet may be dissipated in only a part of the volume occupied by the coil, causing significant local heating. The peak temperature, as well as the internal voltage rise, can reach high values that may irreversibly damage the integrity of the magnet [4] . For this reason, it is important that a magnet quenches safely and an adequate protection of its thermal stability must be then arranged and built in. Several numerical models for the simulation of quench propagation in superconducting materials have been proposed [5] , [6] .
The work presented in this paper was conducted as a part of the design of a 0.5-T open MRI magnet using MgB 2 superconductor. The project is being funded by the U.K. Government Technology Strategy Board and aims to produce a compact lowcost open-magnet MRI system suitable for installation within hospital emergency departments and for use in stroke diagnosis and trauma or for applications such as population screening in primary-care centers. Importantly, the cryostat has been designed to be cryogen-free, with the coil being directly cooled by the cold head of the cryocooler. The design of the magnet has been now completed, and it is being prepared for manufacture.
Since there has been relatively limited practical experience available with the MgB 2 material, there were questions posed in relation to the quench performance and adequate quench protection methods for the specific coil design under consideration.
Most of the relevant work reported in the literature was based on using MgB 2 in the form of tapes [7] , [8] , whereas for this project, it was decided to use a rectangular (1 mm × 2 mm) cross-sectional wire (supplied by Columbus Superconductors SpA, Italy). The wire has a matrix mainly composed of Monel (see Table I ) and presents very different physical properties from the tape, particularly a higher resistivity and a critical current that can reach values of more than 1000 A. This wire was chosen with the aim of achieving much higher average current density and reduced anisotropy effects, while the crosssectional aspect ratio also lends itself to easier coil winding than some other geometries (e.g., square).
In subsequent sections, we present the simulation study that was carried out and the design analysis in relation to the three candidate quench protection methods. Details of wire characteristics and magnet properties are outlined in Section II. The physics of the quench phenomenon is characterized by nonlinear, coupled, electromagnetic, and thermal interactions that were modeled using equations outlined in Section III. They were implemented in a finite-element (FE) model using COMSOL Multiphysics, taking into account the nonlinearity of the material properties, whereas the time-varying circuit models were implemented using MATLAB and coupled with the FE model. The remainder of this paper provides presentation and discussion of the results.
II. WIRE CHARACTERISTICS AND MAGNET CONFIGURATION

A. Overall Magnet Configuration
The configuration of the MRI magnet is unusual in which it employs a single driver coil within a single cryostat, incorporated in the bottom pole. Both poles are specially designed to shape the field and achieve the required high uniformity within the imaging volume. The magnet was designed to produce 0.5 T in the imaging volume of 20-cm diameter and 40-cm pole gap. The overall arrangement is shown in Fig. 1 , indicating the position of the cryostat containing the MgB 2 coil, while all other indicated parts are at room temperature.
B. Wire Configuration
The cross section of the wire used in the magnet winding is shown in Fig. 2 . The conductor consists of 12 filaments of MgB 2 , representing 10% of the overall cross-sectional area, embedded in a matrix of stabilizing magnetic materials. The wire also contains a central core made of copper. Table I lists the wire constituent materials and their relative proportions by mass.
C. Wire Physical Properties
The conductor used for the coil manufacturing exhibits nonlinear physical properties, characterized by a strong dependence on temperature. The critical current curves presented in Fig. 3 have been provided by the manufacturer, i.e., Columbus Superconductors. Parts of the graph have been extrapolated for the purposes of this paper as they were not available from experimental measurements. This is the source data that are interpolated to obtain the step function δ(B, T, I) (see Section III) used in the model to determine which parts of the coil are in the normal state. The thermal conductivity, in particular, is highly anisotropic. The reasons for this are the conductor layout and the fact that the wires in every turn are surrounded by a layer of insulating material. The longitudinal value of the thermal conductivity can be obtained through measurements, whereas conductivities in the transverse directions must be computed using a model of the wire cross section, the insulating material (Dacron in this case), and the packing density of the winding in combination with the properties of the potting resin. The latter ones were obtained from the measurements made on a test coil, which was wound, potted, and then cut to reveal the detailed structure of the windings. Thus, the anisotropic thermal conductivity was evaluated on this basis using the method suggested in [9] , whereas the heat capacity was averaged over the coil volume according to its percentage composition of various materials.
D. Coil Configuration
The circular coil has a nonrectangular cross section, as indicated in Fig. 4 , which was designed to limit the peak field to around 2 T. The coil has an inner diameter of 960 mm and a cross section before overwrap of 105 mm radially by 59-mm height; there is a staircase filler piece made of glass-reinforced plastic on the upper inner radius of the coil. The coil is made up of 1680 turns and 80 layers of insulated conductor assumed to be at the top tolerance limit (i.e., dimensions 2.1 mm × 1.01 mm) and covered with Dacron insulation, which is nominally 0.13 mm thick. Moreover, the coil is epoxy impregnated. The insulated conductor dimensions are 2.36 mm × 1.27 mm, and the turns are assumed to be closely packed. The present design also allows for quench heaters to be incorporated. Their function would be to speed up the quench propagation with the aim of spreading the heat dissipation throughout the coil and reducing the hot-spot temperature. Being made from thin copper film, they do not significantly affect the coil dimensions and other properties. In our studies, we considered a situation involving ten secondary quench heaters positioned on the outer surface of the magnet and externally energized.
In the present design, the coil will operate in the nonpersistent mode since adequate methods for realizing superconducting joints for MgB 2 wires are not yet available. This requires a current-source power supply to energize the magnet throughout its operation and has implications on the choice of suitable quench protection schemes.
III. MATHEMATICAL MODEL
A. Quench Equations
The interdependence of different physical phenomena in the coil was numerically modeled using two modules. The electromagnetic module involved the 2-D model of the coil cross-section, which was sufficient owing to the axisymmetric coil shape and feeds the 3-D model of the thermal module.
The magnetic flux density can be expressed in terms of the magnetic vector potential A as
The magnetic-field intensity H and the externally generated current density J are related by Ampere's law, i.e.,
B and H are related by the constitutive law, i.e.,
where µ is the material magnetic permeability. From (1)- (3), a second-order partial differential equation can be derived, i.e.,
Equation (4) may be numerically solved for a given coil geometry, using commercial FE packages. In this paper, COMSOL was used to set up a 2-D axisymmetric model and to compute the magnetic-field maps over the magnet cross section for different values of the current (see Fig. 4 ).
Since it is impractical to model the detailed structure of the conductor for a large number of turns, a uniform current density was considered in the wire section. Using magnetization curves of actual MgB 2 samples measured in a laboratory by the wire manufacturer, a nonlinear permeability function µ(B), where B is the magnitude of B, was derived, which was incorporated into this 2-D model. Since the coil was to be represented as a homogenized magnetic material, the magnetization was first diluted by the net coil packing factor of 64% to reflect the insulation between turns of the coil. At any given current density J , a flux density B could be then computed in the wire, which reflected its magnetic composition, as shown in Fig. 4 . This magnetic-field information could be then fed into the computation of heat generation in the next stage.
A 3-D thermal model represents the effective bulk coil and the thermal propagation of quench, and this is ruled by the heat flow equation, i.e.,
in which d represents the material density, c p is the heat capacity at constant pressure, and T is the temperature. k is the tensor representing anisotropic thermal conductivity, which, in the coil circumferential direction, corresponds to the properties of the wire, whereas in the coil radial direction, it was obtained by averaging volumetric fractions of the constituents, including the wire and the insulation. Q is the thermal power generation, computed as
where ρ(T ) indicates the normal state electrical resistivity and I is the total current in the conductor. δ (B, T, I ) is a step function that discriminates between the points of the coil in the region where quench has been initiated and the fully superconducting region, based on the critical surface characteristics.
This function δ(B, T, I
) is computed at all stages of the quench evolution in all 3-D locations of the coil using manufacturer's critical current data (see Fig. 3 ), interpolated in the dimensions of B and T to find I c (B, T ). Thus, for an operating current I, at a particular point in the coil
The regions of the coil where δ(B, T, I) = 1 may be either in a fully normal state or in a transition state whereby current I is shared between the superconductor and the matrix.
Literature suggests two main current sharing models that may be appropriate.
1) Assume that all the current in the wire in excess of I c (B, T ) is carried by the matrix and there is no resistive heat generated in the superconductor material itself. 2) Assume that the wire current in excess of I c (B, T ) is also carried by the superconductor material. This current is then shared between the parallel resistances offered by the superconductor and the matrix, generating heat in both. The first current sharing model was found to be appropriate when there is a sharp voltage-current transition of the superconducting filament and when the electrical resistivity of the matrix is much lower than the normal-state resistivity of the filaments. The sharpness of the voltage-current transition is characterized by the n-value in the empirical expression V ∝ I n . It has been widely suggested [10] that the first model is appropriate for LTS including NbTi and NbSn because they usually have high n-value and wires use copper matrix, making the matrix resistivity relatively low. It has been also suggested that the second model is more suitable to HTS such as YBCO and bismuth strontium calcium copper oxide. However, for MgB 2 , the appropriate choice of the model is not obvious [10] , and it depends on the particular properties of the wire in question.
In the case presented here, there was limited measurement data available for the wire, and we had to exercise judgement. The available data from the manufacturers (see Fig. 3 ) indicate that a very high critical current of 1200 A is achievable at 15 K and even higher value may be extrapolated at 10 K, with the corresponding current density of 6 × 10 4 A/cm 2 or higher. In a recent paper [11] , Kim et al. that n > 30 may be assumed for the wire considered in this case. Furthermore, the inclusion of the copper core in the wire construction results in a significant reduction in the matrix resistivity when compared with using Monel alone. Therefore, on the basis of both considerations, it was concluded that the first current sharing model would be appropriate in this case.
Following this, the current density J used in (6) is calculated as
where A cond is the cross-sectional area of the matrix. The discretized coil model consisted of a mesh of around 2500 elements for the 2-D electromagnetic model and 48 000 elements for the 3-D thermal model.
B. Quench Protection Electrical Circuit
As previously mentioned, the magnet is designed to operate in a nonpersistent mode, and the required current-source power supply must be disconnected as soon as the quench event is detected. The candidate quench protection schemes that were analyzed were the self-protecting coil, the protection using external resistance, and the protection using externally energized quench heaters.
The electrical circuit shown in Fig. 5 was used in relation to all three cases, where the current source I s is the magnet power supply, R is the resistance of the coil due to the normal zone, and R ext of an appropriate value is the external resistance. In normal operation, switch S is closed, and the current flows around the magnet coil L (inductance of 12 H, assumed constant); in this mode, diode D prevents the current flow through R ext . When a quench voltage is detected across the magnet, S is opened, and the magnet current decays via R ext . In the cases where external resistance is not employed, R ext = 0.
In practice, switch S will be implemented using a fast solidstate device such as the insulated-gate bipolar transistor, and for the purposes of this paper, its operation may be considered almost instantaneous. It will be controlled by the magnet control system, which detects the quench event as a rise in the coil terminal voltage from an initially very low value to one above some predefined threshold (usually 1-3 V) . The threshold voltage is selected to be as low as possible in order to minimize the reaction time, and it should be high enough to prevent spurious shutdowns due to noise. The threshold was set to 3 V in all simulations presented here.
Following the detection of the rise in coil voltage and the opening of the switch, the time-dependent value of the current in the magnet coil is evaluated according to Kirchoff's second law, i.e.,
where
is the resistance of the normal zone calculated on the coil volume Ω, R ext is an external shunt resistor, and L is the coil inductance. The current density J at any given point is computed using (8) . Equation (9) accounts for the coil current decay due to the increase in the coil resistance during quench, which causes a reduction in field B and affects the further propagation of the normal zone. It is iteratively solved, as a part of the overall simulation loop (see Fig. 6 ), involving time increments ∆t. At every solution time step i, with interval ∆t, the value of the current is recalculated as
The coil terminal voltage at each time step is calculated as product I i R i .
C. Overall Simulation Loop
The overall structure of the iterative simulation loop is shown in Fig. 6 . Initially, the current is set to the design value of 175 A, and the quench is initiated at time t = 0 as a pulse of localized heat flux of short duration. The iterative simulation loop consists of three main steps. The first step involves the solution of the 2-D electromagnetic model using the instantaneous coil current I as the input, and it calculates the corresponding magnetic field B as the output. This provides the link to the second step, i.e., the 3-D thermal model, in which function δ(B, T, I) is evaluated at all points in the model to identify the normal and superconducting parts of the coil. Resistive heating Q and the rise in temperature T are also calculated. The coil resistance R is then calculated as the output of this step using (10) . The third simulation step solves the circuit model using (11) to calculate the new value of the current, which is used in the next iteration of the loop. The simulation is terminated when the current drops to below 1 A.
The electromagnetic and thermal models of the coil were implemented using COMSOL Multiphysics, whereas the circuit model and other algorithm logic were implemented in MATLAB.
IV. SIMULATION AND RESULTS
The quench initiation event was a thermal disturbance modeled as a short burst of heat flux applied for 0.2 s in a small portion of a conductor positioned on the inner surface of the coil (the leftmost side of the coil cross section in Fig. 4) .
The quench detection criterion was set to 3 V, and it was reached in the region 200-330 ms after quench initiation in all cases. At that instant, switch S in Fig. 5 is opened. The coil operating current at which quench occurs was 175 A. Two different operating temperatures of 10 and 15 K, which are uniform throughout the coil volume, were considered to define the likely range for this magnet.
The simulations were conducted in order to investigate different quench protection schemes, where the main quantities of interest were the peak temperature and the peak voltage. Three candidate schemes were analyzed:
• self-protecting coil, short circuit (R ext = 0);
• protection using external dump resistance R ext = 5 Ω;
• protection using externally powered quench heaters, short circuit (R ext = 0). Fig. 7 shows typical coil temperature distribution at the end of the simulation. Fig. 8(a)-(h) summarizes the main results, showing the evolution current, resistance, peak temperature, and voltage for the three quench protection cases and for the two operating temperatures. The target for the peak allowable temperature was set based on experience. A comparable NbTi coil was simulated and shown that, under quench, it would reach the peak temperature of 50 K and a fairly uniform circumferential temperature distribution (cf. Fig. 7 ), owing to a rapid longitudinal quench propagation. With this in mind and in view of the expected propagation rates for MgB 2 , the maximum allowable peak temperature was set at 200 K, which was considered compatible with maintaining coil integrity.
The other consideration was the voltage rise across the coil, for which 600 V was considered to be acceptable from the point of view of coil insulation. In addition, overvoltage may be an issue for the magnet power supply. The commercial units under consideration include suitable circuits capable of protecting the power supply from coil voltages of 400-600 V, depending on the model. It was therefore desirable to limit the voltage rise to below these values, making the power supply protection independent of the operation of switch S.
A. Self-Protecting Coil
Simulations have been performed in the first instance involving a short circuit (R ext = 0), with the magnet otherwise unprotected. The results are shown by the solid lines in the graphs in Fig. 8(a)-(d) for the operating temperature of 10 K and Fig. 8(e)-(h) for 15 K. It is shown that the current decay times are short, only of the order of a few seconds. However, the hot-spot temperature can be seen to rise well above 200 K for both initial temperatures. Moreover, the voltage in this case can be seen to rise to the region of 1100-1200 V and, therefore, far in excess of the prescribed limits.
B. External Resistance
In the second set of simulations, a 5-Ω external shunt resistor was switched in following the quench detection, in order to facilitate the extraction of the magnet energy. The results are shown by the dotted lines in the graphs in Fig. 8(a)-(h) . The presence of the shunt resistor reduces both the magnet hotspot temperature and the peak voltage considerably. Overall, it can be concluded that this scheme is highly effective, with the peak temperature limited to well below 180 K, whereas the peak voltage is reduced to acceptable levels of 80-160 V.
C. Quench Heaters
In the last case to be investigated, the protection scheme consisted of ten secondary quench heaters, each generating 150 W, positioned on the outer surface of the magnet and energized for 0.8 s after the quench has been detected. The heaters have the function to speed up the quench propagation with the aim of spreading the heat dissipation throughout the coil and reducing the hot-spot temperature. The results are shown by the dashed lines in the graphs in Fig. 8(a)-(h) .
Simulation results show that this method reduces the current decay time by 10%-20%, as compared with the self-protecting coil, as an effect of the increased coil resistance. The peak temperature is also significantly reduced to below 180 K and, therefore, within the prescribed limits. However, the peak voltage can be seen to be significantly higher than in either of the previous cases, in the range of 1600-1800 V, which is not compatible with the prescribed range of operation.
V. CONCLUSION
The performance of the superconducting coil under quench conditions and the effectiveness of candidate protection methods are difficult to predict without resorting to detailed numerical simulation studies. In view of the limited prior experience with MgB 2 superconductors, the analysis presented in this paper has been conducted as part of the design process for a novel MRI magnet system.
Since it is known that quench propagation in MgB 2 wires is an order of magnitude slower than that in low-temperature materials, the primary concern at the outset has been to limit the peak temperature in the coil. In this respect, it has been found that protection methods using external resistance and quench heaters are about equally effective, whereas the selfprotecting coil is likely to reach peak temperatures above the acceptable limit. These conclusions differ from those achieved in previous analyses of MgB 2 tapes, which suggested that the magnet could be considered self-protective [9] . The main reason is probably to be found in the very different values of the current densities between the two conductors and different thermal conductivities from those considered here.
For the wire and the conditions considered here, it is concluded that quench protection must remove a significant amount of stored energy from the coil in order to avoid overheating. This has increasingly strong implications with increasing stored energy in the coil. Previous studies that considered much lower currents were found to be self-protecting, but with a view of significantly increasing the current capacity in the future, the measures for safely extracting the energy during quench must be carefully considered.
It has been also found that the voltage rise, rather than the temperature rise during quench, can become the limiting factor for a given protection method, due to the resistance of the wire material.
For the simply wound coil considered here, it was encouraging to find that a conventional protection method involving external resistance will meet the performance criteria. However, this method is mainly applicable to nonpersistent externally energized coils, whereas it may not be suitable for persistent or quasi-persistent designs. In such cases, an approach that warrants further consideration would involve incorporating a significant amount of additional copper in the coil windings, mainly with the aim of limiting the voltage rise and improving the quench propagation speed.
